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I. Introduct ion 
Paralytic shellfish toxins (PSTs) are a family of marine biotoxins pro- 
duced by a number of toxic dinoflagellates involved in harmful algal 
blooms or red tides. They are also produced by cyanobacteria (Pomati 
et at., 2000) in fresh waters. These toxins cause paralytic shellfish 
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poisoning (PSP) which is the most common and widespread syn- 
drome among the major classes of seafood poisonings recognized today 
(Viviani, 1992; Hallegraeff, 1995). 
A. Toxic  ACTION AND CHEMISTRY OF PSTs 
PSTs consist of over 20 structurally related compounds that have been 
chemically characterized. The toxins act by binding to sodium channels 
of the nervous system and disturb the initiation of action potentials re- 
suiting in a blockage of neuromuscular transmissions and hence the 
name paralytic shellfish poisoning. Some symptoms of human intoxi- 
cation include tingling sensations in the extremities, headaches, nau- 
sea, and vomiting. In extreme cases, PSP can lead to respiratory paral- 
ysis (Andrinolo et al., 1999) and death if artificial respiration is not 
available. Based on toxic potency, they can be subdivided into three 
groups as shown in Table I. In terms of toxicity measured by mouse 
bioassay, the carbamate compounds, which include saxitoxin (STX), 
neo-saxitoxin (Neo), and gonyautoxillS 1-4 (GTX1-4), are most toxic, 
the N-sulfocarbamoyl compounds, which include the C and B toxins, 
are least toxic (up to 100 times less), while the decarbamoyl compounds 
have intermediate toxicity. Saxitoxin, being the first PST to be identi- 
fied, has been the most widely studied toxin derivative and is also the 
most toxic of the entire PST family (Oshima, 1995). 
PSTs are heat-stable and water-soluble nonproteinaceous toxins. They 
are small molecular weight tetrahydropurines (242-491 g/mol) that have 
the same basic chemical structure differing only in their side groups. 
The general structures of these compounds are shown in Figure 1. These 
analogues differ with respect to the presence or absence of 1-N-hydroxyl, 
11-hydroxysulfate, and 21-N-sulfocarbamoyl substitutions as well as 
epimerization at the C-11 position. 
B. PST-PRODUCING MARINE DINOFLAGELLATES 
PSTs were originally isolated from contaminated shellfish but later 
found to originate from marine algae. These compounds are now known 
TABLE I 
Tm~E GROUPS OF PSTs BASED ON TOXIC POTENCY 
Chemical class Potency Toxins 
Carbamate High Saxitoxin (STX), neo-saxitoxin (NEO), 
gonyautoxins (GTX)-I, -2, -3, -4 
Decarbamoyl Medium dc-GTX 1-4, dc-NEO, dc-STX 
N-Sulfocarbamoyl Low B1, B2, C1, C2, C3, C4, 




H N + NH 
/ 
"//'OH 
Molecular Weight R1 R2 R3 R4 Toxin 
242.3 H H H H doSTX 
258.3 H H H H dcSTX 
274.3 OH H H H dcNEO 
301.3 H H H CONH2 STX 
317.3 OH H H CONHz NEO 
337.3 H OSO3" H H doGTX2 
337.3 H H OSO3- H doGTX3 
353.3 H OSO3" H H dcG'I-X2 
353.3 H H OSOs- H dcGTX3 
369.3 OH OSO3" H H dcGTXl 
369,3 OH H OSO3- H dcGTX4 
380.4 H H H CONHSO3" B1 
396.4 OH H H CONHSO3" B2 
396.4 H OSO3" H CONH2 GTX2 
396.4 H H OSO3- CONH2 GTX3 
412.4 OH OSO3" H CONH2 GTXl 
412.4 OH H OSO3" CONH2 GTX4 
475.4 H OSO3- H CONHSO~" C1 
475.4 H H OSOs" CONHSOs" C2 
491.4 OH OSOz" H CONHSO3" C3 
491.4 OH H OSO3" CONHSO3" C,,4 
STX:saxitoxin; NEO:neosaxitoxin; GTX:gonyautoxin; dc:decarbarnoyl; do:deoxydecarbamoyl 
FIG. 1. Chemical structures of PST. 
to be produced by a limited number of species of unicellular marine al- 
gae known as dinoflagellates as listed in Table II. At present, only three 
genera of dinoflagel]ates are known to produce PSTs. Most of the species 
are of the genus Alexandrium, which was formerly known as either 
Gonyaulax or Protogonyaulax (Taylor, 1987). Of the Alexandrium, 
the most commonly cultured species to date have been A. tamarense 
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TABLE II 
A COMPILATION OF CONDITIONS OF SOME ALGAL CULTURES USED IN THE LABORATORY 
PRODUCTION OF PSTS 
Studies 1 2 3 4 
Species and A. tamarense A. catenella A. tamarense A. tamarense 
location (Canada) (Canada) (Japan) 
Innoculum NG e 1 × 104 cells/ Exponential, NG 
ml or 10% of final 
greater volume 
Culture durat ion 117 15 36 20 
(days) 
Media formula ASP7 Complex Harrison T1 
Enrichment  
(HESNW) 
Culture design Batch Batch Batch Batch 
Culture volume 125,250 ml 2 Liter 2 Liter NG 





Temperature (°C) 5-25 12-16 18 8-16 
Salinity (ppt) 7-40 NG 28 NG 
Light period (h) 24 14 and 24 16 16 
Light Intensity b 80 80 1-25 10-60 














588 NG 0-550 1000 
65 NG 0-24 100 
NG STX B and C toxins, GTX1-4, 
GTX1-4, Nee 
Nee, STX 
NG 8.3 80 100 
NCf 120 400 d 657 d 
Mouse assay Mouse assay HPLC HPLC 
Prakash Proctor et al. Boyer et al. Ogata et al. 
(1967) (1975) (1987) (1987) 
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5 6 7 8 
A .  t a m a r e n s e  a 





A.  c a t e n e l l a ,  A .  f u n d y e n s e  a 
A .  cohor t i cu la ,  (USA) 
G c a t e n a t u m  
(Japan, Thailand) 
NG Exponential, 
5% of final 
volume 
20 NG 
T1 K medium 
A. f~ndr~nse, 









NG 1 Liter 




1 Liter reactors 
20 Liter 
carboys 
15 10-25 15 15 
NG NG 30 28-38 
16 16 14 14,24 











44 to 883 22-933 
0.9-10 0.25-36 




400 d NC NC 2000 
HPLC 
Boczar e t  al. 
(1988) 
HPLC 
Ogata e t  al. 
(1989) 
HPLC 
Anderson e t  al. 
(1990a) 
HPLC 
Anderson e t  al. 
(1990b) 
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TABLE I I - -Cont inued 
Studies 9 10 11 12 
Speice and G. catenatum A. catenella a P. bahamense  A. m i n u t u m  
location (Australia, A. tamgrense a (Malaysia) (Spain) 
Japan, (Japan) 
Spain) 
Innoculum NG Exponential, Exponential NG 
1 × 106 cells 
Culture duration 21 35 28 27 
(days) 
Media formula Gse SW11m ES-1 Modified 
K medium 
Culture design Batch Batch Batch Batch 
Culture volume NG 2 Liter 25 rnl NG 
Culture vessel 50-ml 3 Liter Culture 5-Liter 
Erlenmeyers flasks tubes vessel 
Temperature (°C) 
Salinity (ppt) 
Light period (h) 
Light Intensity b 














12.5-25 15 20-40 15 
20-35 NG 20-36 NG 
12 14 24 12 
80 100 20-150 180-200 
NG NG NG 100-300 
NG NG NG 5-2O 
C toxins, C Toxins, B1, Neo, STX, GTXI---4 
dcSTX, GTX1-4, GTX6, 
GTX2/3, STX, Neo, dcSTX 
B toxins B1, B2 
200 66 1200 40 
NC 330 d 1000 400 
HPLC HPLC HPLC 
Oshima et al., Kim et al. Usup et al. 
(1993) (1994) (1994) 
FIPLC 
Flynn et al. 
et aL 
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13 14 15 16 
A.  t a m a r e n s e  A .  c a t e n e l l a  a G. c a t e n a t u m  A .  t a m a r e n s e  











Late exponential NG NG 
30 20 60 
S W l l m  Modified T1 and SWlI 
K medium 
Batch and Batch and Batch and 
semicontinuous continuous semicontinuous 
NG 1 Liter NG 
NG 2-Liter 300-ml 
flasks Erlenmeyers 
18 20 18 15 
NG 35 22-33 NG 
14 14 12 16 






NG 50-200 20-1000 
70 0-20 100 
B1, C toxins, C toxins, dcSTX, NG 
GTX1-4, DcGTX, 
Neo dcSTX GTX5 
284 26 125 170 
NC 240 d 125 d 1000 d 
HPLC HPLC HPLC HPLC 
Levasseur e t  al. Matsuda ot al. Flynn e t  al. Ogata e t  al. 
(1995) (1996) (1996) (1996) 
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TABLE I I - - C o n t i n u e d  
Studies 17 18 19 
Species and A.  catenel la  A.  m i n u t u m  A. tamarense  (Canada) 
location (Hong Kong) (New Zealand) 
Innoculum Mid exponential, NG 4 x 103 cells/ml 
4-5 x 103 cells/ml 
Culture duration 40 NG 19 
(days) 
Media formula K medium if2 K medium 
Culture design Batch Batch Batch 
Culture volume 100-250 ml 25 ml 10 Liter 
Culture vessel 1-Liter bottles NG 15-Liter carboys 
Temperature (°C) 
Salinity (ppt) 
Light period (h) 
Light intensity b 
(/~mol/m 2 sec) 
Nitrogen (#M) 
Phosphate (/~M) 
Toxin composition c 
Peak cellular toxin 
(fmol/cell) 
Toxin yield (nmol/ 32 d 
liter of culture) 
Method of analysis HPLC 
Reference 
10-30 18 15 
15-45 31 NG 
10-18 14 14 
120 250 140 
0-8500 880 
0 to 400 36 
C toxins, GTX1-4, Neo, STX, 













Macintyre et al. (1997} 
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20 21 22 23 
A. t amarense  A.  m i n u t u m  A. f u n d y e n s e  
(Canada) (France) (USA) 
Late exponen t i a l ,  2.73 × 106 ce l l s /ml  NG 
5 ml  of 8 x 103 
ce l l s /ml  into 30 ml  
14 36 45 
K m e d i u m  f m e d i u m  Modif ied  K 
m e d i u m  
Batch  S e m i c o n t i n u o u s  Batch 
35 ml  4 Liter 1.5 Liter 
50-ml  Cul tu re  tubes  5-Liter po lyca rbona te  2-Liter r ound -  
bot t les  bo t t om flasks 
15 18 18 
15-35  35 28 
14 16 12 
4 0 - 4 7 0  53 150 
0 - 8 8 0  1 .6-60 50 -430  
10 0.38 to 3.8 0.5 to 28 
C toxins, STX, Neo, GTX2/3,  dcGTX2/3 GTX2/3, STX, C 
GTX1-4  tox ins  
800 9 NG 
2100 d NC NC 
HPLC HPLC HPLC 
Parkhi l l  and  
Cembe l l a  (1999) 
B e c h e m i n  et al. (1999) John  and  F l y n n  
(2000) 
A. m i n u t u m  
(Taiwan) 
5 × 104 cells  
40 
Modif ied  K 
m e d i u m  
Batch 





15 -240  
0 -2000  




HPLC a n d  
m o u s e  a s say  
H w a n g  and  Lu 
(2000) 
aAxenic culture. 
bConverted to common units of photon flux density. 
Cpredominant toxin in boldface. 
dEstimated by calculation. 
eNG = Not given. 
fNC = Not calculable. 
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(formerly known as excavatum or tamarensis), Alexandrium catenella, 
A. minutum, and A. fundyense. Alexandrium cohorticula also produces 
PSTs while another species, A. andersoni, has just recently been shown 
to produce PSTs (Ciminiello et al., 2000). Isolated from tropical wa- 
ters, Pyrodinium bahamense var. compressum is another species that 
causes PSP episodes, particularly in Indo-Pacific and Central America 
coastal waters. Usup et al. (1994, 1996) have done some work on this 
species which only appears to be toxic with the chain-forming var. com- 
pressum. Another toxigenic species among athecate gymnodinoid di- 
noflagellates is Gymnodinium catenatum, which is also a chain-forming 
species (Oshima et al., 1993; Flynn et al., 1996). This species is the 
most fragile of all the PST producing dinoflagellates because it is an 
unarmoured species. 
C. THE NEED FOR PURE TOXINS 
Due to the potent toxicity of PST, mitigation of PST problems has 
in recent years received increasing regulatory attention worldwide. To 
this end, an ample supply of PSTs, in highly purified form, is urgently 
needed for use in clinical diagnostic laboratories, safety surveillance of 
seafood, development of fast monitoring methods, generation of toxi- 
city data for risk assessment, and pharmacological research to design 
antidotes and remedies. In addition, recent studies have revealed that 
PSTs may have some clinical uses. For example, Pan (1998) has shown 
that PSTs are highly effective compounds for relieving withdrawal 
symptoms in opiate-addicted patients. However, at present there is a 
globally limited supply of pure marine biotoxins. Some toxins, avail- 
able only as analytical standards, are either prohibitively expensive or 
simply unavailable. For example, while saxitoxin and neo-saxitoxin 
are available from Sigma and Calbiochem, GTX1-4 is only available 
from the Institute for Marine Biosciences, National Research Council, 
Canada. The cost of these PST derivatives can be as high as US$5000 
per milligram. Other derivatives such as the C toxins and the decaro 
bamoyl derivatives are simply not commercially available at the present 
time. 
D. BIOPRODUCTION OF MARINE BIOTOXINS 
Obviously, there is a very strong incentive to produce and purify these 
marine biotoxins. In general, two approaches can be taken to obtain 
pure biotoxins: one is bioproduction by cultured toxin producing algae 
and the other is extraction from toxin-bearing seafood. Once toxins are 
obtained from either algal or seafood extracts, they can be subject to 
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similar purification, analysis, and confirmation steps to meet the purity 
criteria for analytical standards and research compounds. 
We have undertaken the bioproduction approach to attempt to pro- 
duce milligram quantities of PST under laboratory conditions. In this 
article, we summarize the related works done by other investigators and 
describe our own work on the laboratory production of C2 toxin by a 
local strain ofAlexandrium tamarense. We also discuss some of the con- 
ditions that appear to be important in influencing the toxin productivity 
of PST producing dinoflagellates. 
II. Culture Designs and Physiology 
The toxin productivity of a dinoflagellate culture is a function of the 
cell concentration and the average toxin content of each individual cell 
in the population. The total toxin yield of a bioproduction operation 
therefore depends on how well the cells grow and how much toxin each 
cell produces within a given period of time. The rate at which cells grow 
and produce toxins, in turn, is profoundly influenced by the culture de- 
sign and the nutritional and environmental factors of the algal cultures 
used. Some known important factors include the supply of carbon, ni- 
trogen, and phosphorus sources in the medium, the concentrations of 
metals and organic compounds present, irradiation, temperature, salin- 
ity, and mixing turbulence. The effects of some of these factors on the 
physiology and metabolism of dinoflagellates with respect to PST pro- 
duction were recently reviewed in detail by Cembella (1998). Our dis- 
cussion on these factors is only related to operational aspects regarding 
the laboratory bioproduction of PSTs. 
A. CULTURE DESIGNS 
In general, three designs of algal cultures can be used in the laboratory 
bioproduction of PST. They are batch, semicontinuous, and continuous 
culture designs. The designs that have been used for PST bioproduction 
studies and their associated culture conditions are compiled in Table II. 
Of the three culture designs, batch cultures are the most com- 
monly used. In batch cultures, algae are grown in vessels of different 
shapes such as tubules, bottles, flasks, and tanks with various nutrient 
media and culture conditions. The culture volumes range from several 
milliliters to tens of liters. Aeration is seldom used because it is be- 
lieved that PST-producing dinoflagellates are sensitive to turbulence. It 
is generally understood that batch cultures begin as nutrient-unbalanced 
systems, in which algae are exposed to relatively high nutrient concen- 
trations (e.g., >500 ~Minorganic N and >5 ~M inorganic phosphate) in 
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the culture medium. However, at some point during the batch culture, 
one or more nutrients will be depleted and become limiting. Some in- 
vestigators observed that toxin productivity of certain dinoflagellates in 
batch cultures was lower than that under natural conditions (Kodama 
et al., 1982; Maranda et al., 1985; White, 1986; Oshima et al., 1987; 
Cembella et al., 1988). This may be due to the use of suboptimal culture 
conditions in the laboratory. 
Semicontinuous cultures have been used in a few studies (Anderson 
et al., 1990a; Bechemin et al., 1999). In this design, a volume of aged 
growth medium is replaced with an equal volume of fresh medium at 
regular time intervals before the cell density reached a maximum. The 
dilution rate is guided by the cell growth rate. Semicontinuous cultures 
provide a relatively steady state condition for algal growth and toxin 
production. 
Continuous cultures of microorganisms have been frequently used 
to fix the cellular growth rate by setting the dilution rate of the inflow 
medium that contains a limiting nutrient, thus eliminating the growth 
rate effect on a process of interest (Parkhill and Cembella, 1999). How- 
ever, continuous cultures have seldom been used for the production of 
PSTs because most of the dinoflagellates are susceptible to growth inhi- 
bition by mixing turbulence. The only study known using this design is 
that of Flynn et al. (1996), who investigated the effects of inorganic nu- 
trients and salinity on toxin production by G y m n o d i n i u m  c a t e n a t u m .  
In their study, although fresh medium was introduced continuously, 
excess medium was only removed once or twice a day. 
Recently we have employed a combination of a semicontinuous cul- 
ture and a holding or temporary culture to achieve mass production 
of C2 toxin by A l e x a n d r i u m  tamarense .  This design capitalizes on the 
characteristic growth and toxin production dynamics of the production 
strain used to achieve very high yields of the toxin. The process is sum- 
marized in Section V, and the detailed process is described elsewhere 
(Wang et al., 2001). 
B. ALGAL PHYSIOLOGY 
In batch cultures, algae normally go through three phases: the lag, 
the exponential, and the stationary phases. The average toxin content 
of ceils has often been found to reach a peak in the exponential phase 
and then decline as the cells enter the stationary phase, with the ex- 
ception that cessation of cell growth is caused by P limitation (Prakash, 
1967; Proctor et al., 1975; Hall, 1982; Boyer et  al., 1987; Cerebella et al., 
1987; White and Maranda, 1978; Boczar et  al., 1988; Anderson et al., 
1990b; Kim et al., 1993; Usup et al., 1994; Flynn et al., 1994, 1995, 1996; 
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Bechemin et al., 1999; John and Flynn, 2000). But the exact relation- 
ship between growth rate and cellular toxin content is unclear. Some 
investigators found no definitive relationship between the two (White 
and Maranda, 1978; Hall, 1982; Parkhill and Cerebella, 1999), whereas 
others observed an inverse relationship (Proctor et al., 1975; Ogata et al., 
1987). 
PSTs have been viewed as secondary metabolites of toxin-producing 
dinoflagellates, which are compounds produced when normal, balanced 
growth ceases (Plumley, 1997). Cells usually synthesize low amounts 
of secondary metabolites when growing under unstressed conditions 
but drastically increase the synthesis under certain conditions that 
limit growth (Hashimoto and Yamada, 1994; Jensen and Fenical, 1994). 
Our own data on A. tamarense  were in part consistent with this view 
(Wang and Hsieh, 2001). During the exponential phase when cells grew 
freely, chl-a, a primary metabolite, was formed rapidly by the cells with 
little toxin production. But when algal growth ceased in the stationary 
phase due to nutrient depletion, chl-a disappeared in proportion to the 
increase of C2T. 
There are reports indicating that PST production is tightly coupled to 
particular stages of the cell cycle. Kim et al. (1993) reported that cellular 
toxin content increased gradually from the later half of the light period 
through the middle of the dark period, where it declined suddenly prior 
to cell division. For A l e x a n d r i u m  fundyense ,  toxin synthesis was initi- 
ated early in the G1 phase of the cell cycle in response to a light trigger 
and was terminated prior to exiting this phase (Taroncher-Oldenburg 
et al., 1999). 
I I I .  Nutritional Factors 
For the bioproduction of PST by cultured algae, sufficient nutrients 
need to be supplied for the production of cell mass followed by toxin 
synthesis. Because cell growth and toxin production can be two com- 
peting processes for carbon, nitrogen, phosphoros, and other essential 
elemental supplies in the medium, the initial composition of nutrients 
must be optimized for the maximum total toxin yield in a batch culture. 
Supplementation of specific nutrients in the course of incubation can be 
achieved by the use of semicontinuous culture or other culture designs. 
A. CARBON 
Carbon is an essential element for cell growth, reproduction, and toxin 
biosynthesis. For toxigenic dinoflagellates, most being photoautotrophs, 
carbon is supplied by atmospheric CO2 through photosynthetic fixation. 
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Carbon usage in the algal cells is normally first channeled to the pri- 
mary metabolism related to growth and reproduction, and then to the 
secondary metabolism related to PST synthesis. If the available carbon 
is limited, toxin production will be reduced or even arrested in favor of 
primary metabolism. Therefore, in order to maximize PST production, 
dinoflagellate cultures should be given carbon in excess to ensure that 
neither growth nor toxin synthesis is retarded. Usually, COz is not lim- 
iting due to the rapid dissolution of CO2 into seawater to form aqueous 
bicarbonate. However, for laboratory cultures, when biomass is high, 
CO2 consumption by the culture may exceed CO2 dissolution into the 
medium due to the limitation of culture designs, causing the culture to 
be carbon limited. Boyer et al. (1987) and Anderson et al. (1990b) both 
found that addition of bicarbonate to cultures ofA. tamarense enhanced 
growth. In our laboratory, we also found supplementation of bicarbon- 
ate as well as aeration (discussed in Section IV.D) increased both cell 
biomass and toxin yield. 
B. NITROGEN 
PST are a suite of nitrogen-rich compounds that require a sufficient 
supply of intracellular nitrogen-containing intermediates such as amino 
acids for their biosynthesis. With six nitrogen atoms per molecule of 
PST, nitrogen can account for 17-35% of the weight of a PST molecule. 
In addition, it was estimated that PSTs may account for up to 10% of the 
total cellular nitrogen in Alexandr ium and Gymnodin ium sp. (Cembella, 
1998). As expected, nitrogen deficiency caused dinoflagellate cultures to 
decrease in PST yield and cellular toxin content (Anderson et al., 1990a; 
Flynn et al., 1994; MacIntyre et al., 1997; John and Flynn, 2000). This de- 
crease was readily reverted by nitrogen supplementation. Cellular toxin 
content typically peaked in the exponential phase when nitrogen sup- 
ply was sufficient but markedly decreased in the stationary phase when 
nitrogen had become limiting. In our lab, we found that by reducing 
the nitrogen in the culture medium, cell density could still be main- 
tained but the toxin content was markedly lowered. Hence, the supply 
of ample nitrogen appears to be important for maximum toxin yield. 
C. PHOSPHORUS 
Although PST molecules do not contain phosphorus, the supply of 
phosphorus in the medium profoundly affects PST biosynthesis. En- 
hancement of bioproduction of PSTs by phosphorus limiting culture 
conditions has been well documented (Boyer et aL, 1987; Anderson 
et al., 1990b; Flynn et al., 1994; Bechemin et al., 1999; John and 
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Flynn, 2000). In view of the involvement of P-rich DNA in cell divi- 
sion, Anderson eta]. (1990b) proposed that P limitation could cause 
an increase in the availability of intracellular arginine, due to reduced 
demand from competing P-dependent pathways involved in cell divi- 
sion. Arginine has been shown to be a precursor in PST biosynthesis 
(Shimizu, 1996). It follows that intracellular arginine concentrations 
would be positively correlated with cellular toxin content. Indeed, 
Flynn et al. (1996) reported that toxin synthesis in A. minu tum was 
proportional to intracellular concentrations of amino acids, arginine in 
particular. Conceivably, P limitation may cause cell division to cease 
but allow the cells to continue synthesizing PSTs or convert other cel- 
lular constituents to the toxins. 
D. ORGANIC NUTRIENTS 
Studies on the effects of organic nutrients on toxin production in di- 
noflagellates (Levasseur et al., 1995; John and Flynn, 1998, 1999; Hwang 
and Lu, 2000) have revealed that the effects are rather insignificant 
because almost all PST-producing dinoflagellates are photoautotrophs. 
Although two Alexandrium species, A. tamarense and A. fundyense,  
seemed able to take in dissolved free amino acids at environmentally 
realistic levels (nM) during exponential growth, there was generally 
no apparent enhancing effects on toxin synthesis by unnaturally high 
levels of amino acids. Urea was found un-utilizable by A. tamarense 
(cf. excavatum), indicating the lack of urea catabolism activity in this 
species (Levasseur et al., 1995). Hwang and Lu (2000) found that humic 
acids actually inhibited the growth of A. minutum.  In our own lab, 
we found that humic acids and mixtures of phytohormones 
(6-benzylaminopurine, indole-3-acetic acid, kinetin) had little or detri- 
mental effects on PST bioproduction. 
E. TRACE~V[ETALS 
Little is known of the role of trace metals for toxin biosynthesis. 
In one study in which Alexandrium tamarense was cultured under 
iron-limiting conditions, cellular toxin content was only slightly higher 
than that of the control cultures in the early stationary phase (Boyer 
eta]., 1985). Any effect is probably indirect, through interference with 
the photosynthetic apparatus, including the Fe proteins, ferredoxin, and 
cytochromes. In our lab, we have found similar results with iron as well 
as with manganese and cobalt on the toxin production of Alexandrium 
tamarense. By adjusting the K-medium formula (Keller eta]., 1987), 
the toxin production of cultures increased slightly by decreasing iron 
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and manganese concentrations and increasing cobalt concentrations. 
However, there was always a concomitant increase in the cell number, 
meaning that the toxin per cell was virtually unchanged under all con- 
centrations used. Other investigators have looked at the requirement of 
selenium for growth by A. m i n u t u m  and G. catenatum, but did not ex- 
amine the effects on toxin production (Doblin et al., 1999). Evidently, 
further studies need to be done to determine the optimum concentra- 
tions necessary for maximum toxin yield. 
IV. Environmental Factors 
Effects of environmental factors on PST production in dinoflagellate 
cultures have been extensively investigated (Boyer et al., 1987; Ogata 
et al., 1987; Anderson et al., 1990b; Flynn et al., 1994, 1996; Ogata et al., 
1996; Mastuda et al., 1996; MacIntyre et al., 1997; Hwang and Lu, 2000). 
Especially important factors include salinity, temperature, light, and 
mixing disturbance. These factors affect the physiology and reproduc- 
tion of the dinoflagellates and therefore their secondary biosynthetic 
activities as well. 
A. SALINITY 
Salinity is known to affect nutrient uptake and a variety of active and 
facilitated transport systems of dinoflagellate cells. There is no fixed op- 
timal salinity of the medium for PST production in algal cultures. White 
(1978} found that sufficient medium salinity was required for high cellu- 
lar toxin content of A1exandrium excayatum. Similarly, in a toxic clone 
ofA. tamarense, the highest cell toxicity occurred when the culture was 
at the highest salinity-dependent growth rate in the exponential phase 
(Parkhill and Cembella, 1999). Recently, Hwang and Lu (2000} also ob- 
served that good production of GTX 2 and 3 in AIexandr ium m i n u t u m  
required a sufficiently high level of salinity. However, Usup et al. (1994} 
found that high salinity was detrimental to toxin production in Pyro- 
dinium bahamense,  while others (Anderson et al., 1990b; F1ynn et al., 
1996) did not find any significant effects of salinity on toxin production 
in some Alexandr ium species within a range. It is concluded that there 
is a considerable range of salinity within which PST production is not 
significantly affected as long as algal growth remains unchanged. 
B. TEMPERATURE 
There have been consistent observations that high temperatures 
for elevated growth are correlated with reduced PST productivity in 
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dinoflagellates (Ogata et al., 1987; Usup et al., 1994; Hwang and Lu, 
2000). These observations support the notion that cell division (growth) 
and toxin biosynthesis are two competing and mutually antagonizing 
processes. The direct effect of temperature on PST biosynthesis is not 
clear. In Alexandr ium species, low cellular toxin content found at an el- 
evated temperature was invariably associated with an increased growth 
rate (Proctor et al., 1975; Ogata et al., 1987). Similarly, Usup et al. (1994) 
concluded that the reduced toxin production in Pyrodinium bahamense  
at an elevated temperature was due to an increased mean cell divi- 
sion rate that was temperature dependent. Anderson et al. (1990b) more 
specifically postulated that increased cellular toxin content at low tem- 
peratures reflects an allocation of cellular nitrogen, especially intracel- 
lular arginine, in favor of PST biosynthesis over the biosynthesis of cel- 
lular protein. Thus, we conclude that temperature should be adjusted 
such that growth and toxin production are balanced to produce the 
maximum amount of toxin. 
C. LIGHT 
Light is of primary importance in the growth and toxin production of 
toxic dinoflagellates because most of them are photoautotrophic. Suf- 
ficient photo energy is required for the cells to fix carbon dioxide and 
harness the light energy for metabolism and biosynthesis. Production of 
oxygen for respiration as a result of photosynthesis also plays a signifi- 
cant role in algal growth and reproduction. In Pyrodinium bahamense,  
cellular toxin content decreased with reduced light intensity (Usup 
et al., 1994). Ogata et al. (1987) concluded that photosynthesis was es- 
sential for toxin production in Alexandr ium tamarense. This is under- 
standable considering that the energy cost of toxin biosynthesis would 
be undertaken at the expense of photosynthetically derived carbon 
compounds (e.g., acetate and amino acids) as well as energy-rich in- 
termediates (e.g., ATP). Based on the observations of these and other 
investigators (Parkhill and Cembella, 1999; Hwang and Lu, 2000), it can 
be assumed that sufficient light energy is required for maximum toxin 
yield. 
D. AERATION AND AGITATION 
Dinoflagellate cultures are generally considered sensitive to agita- 
tion which may cause growth reduction and cellular damage (White, 
1976; Galleron, 1976; Tuttle and Loeblich, 1975)--hence, aeration is sel- 
dom used in culturing dinoflagellates due to the unavoidable agitation 
caused. However, our recent studies indicated that gentle circulation 
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produced by optimized aeration enhanced both the growth and toxin 
production in the culture of A l e x a n d r i u m  tamarense  used (Wang and 
Hsieh, 2001). It was noted that the size of air bubbles was an important 
operational parameter. Large bubbles (D >_ 3 mm) were detrimental to 
culture productivity, probably due to the higher turbulence and shear- 
ing forces produced and a relatively inefficient gas-to-liquid transfer 
of CO2. Apparently, aeration increased the supply of CO2 needed for 
growth and stabilized the medium pH through the buffering capacity 
of the carbonate/bicarbonate system. A pH-stat system would have pro- 
vided a finer control of the pH as well as the concentration of inorganic 
carbon for photosynthetic uptake. Enhancement of both the biomass 
and toxin yield through stabilization of medium pH was also observed 
in a number of other studies (Goldman et al., 1982; Guillard and Keller, 
1984; Babinchak et al., 1994). 
V. Prototype Laboratory Production of C2 Toxin 
In the last two years, we have endeavored to investigate culture condi- 
tions optimal for PST bioproduction and thereby to produce milligram 
quantities of pure PST as reference compounds for toxicological studies 
and analytical methods development. Our efforts have resulted in the 
establishment of two culture techniques capable of producing two of 
the PST in a highly purified form, C2-toxin (C2T) and gonyantoxin 3 
(GTX3). 
A. ORGANISM 
A local strain of A l e x a n d r i u m  tamarense  (ATCI01), isolated from a 
single cyst from the Dapeng Bay, South China Sea (Jiang et al., 2000), 
was used for our bioproduction studies and operations. The original 
strain was maintained in the Institute of Hydrobiology, Jinan University, 
Guangzhou, PRC. A subculture of the strain, obtained from Prof. Y. Qi 
of the Institute, has been maintained in our laboratory since 1998 at 
23°C with 5000 lux and a 14/10 h light/dark cycle in natural seawater K 
medium (Keller et al., 1987) in standing cultures. The seawater used was 
collected at the Port Shelter near the Hong Kong University of Science 
and Technology, and was filtered through 0.2-/zm Millipore filters into 
polypropylene carboys and stored in the dark until used. Of the suite 
of PST known, we found that this strain produces predominantly C2T 
at over 99% on a mole basis (Hsieh et al., 2001). This toxin profile is 
distinctly different from those reported for the same species from other 
geographical areas (Ogata et al., 1987; Kim et al., 1993; Levasseur et al., 
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1995). C2T and its metabolites may very well be a distinct feature of 
PST contamination in Hong Kong coastal areas, which warrants further 
investigation. The use of natural seawater was necessary because this 
strain began to lose its toxigenicity in an artificial seawater medium after 
a few cycles of subculturing. 
B. CULTURE TECHNIQUES AND CONDITIONS 
In our endeavors, we examined the toxin production of ATCI01 in 
batch cultures of various sizes, ranging from 50 ml to 40 liters. After 
manipulating nutritional and environmental conditions, mentioned in 
Sections III and IV, we established an optimal set of conditions for large- 
scale toxin production operations. The conditions of an actual prepar- 
ative batch culture are summarized in Table III. 
Having established large-scale batch cultures and found that the toxin 
yield peaked in the stationary phase (see the following section), we 
designed a combined semicontinuous culture and temporary (holding} 
culture system for mass production of C2T (Wang et al., 2001}. This 
system divides the culturing process into growth and production stages 
to maximize both biomass and toxin yield. 
Algal cells are first cultivated in semicontinuous cultures to achieve 
high cell concentrations; this constitutes the growth stage. In this 
manner, a continuous supply of biomass for toxin biosynthesis is pro- 
duced. For the toxin production stage, portions of the growing culture 
are removed and transferred to holding chambers under  phosphate de- 
plete conditions optimal for C2T biosynthesis in the cells. The culture 
conditions of this system that were actually used are summarized in 
Table IV. By this design, cells with high toxin content were continu- 
ously harvested for toxin extraction and purification. 
TABLE III 
THE CONDITIONS OF A BATCH CULTURE OF A. TAMARENSE ATCIO1 FOR MASS 






Peak cell concentration 
Harvesting time 
Toxin yield 
20 liters in 70 liter rectangular tanks 
Natural seawater K medium (PO4 = 10 #M) 
5% at 104 cells/ml 
23°C, 8000 lux, 16/8 (L/D), aerated (<2 mm bubbles) 
15,000-20,000 cells/ml in 6 days 
10 days 
480-560/~g/liter of C2T 
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TABLE IV 
ThE CONDITIONS OF A COMBINED s e c  AND TEMPORARY CULTURE SYSTEM 
OF A. TAMARgNSE ATCI01 FOR MASS PRODUCTION OF C2T 
Conditions Semicontinuous Temporary 





Peak cell concentration 
(cells/ml) 
C2T yield (/zg/liter) 
4O 
Natural seawater K 
medium (PO 4 = 5H~ 
Day 0-5 as batch culture 
Day 6-18 as SCC 
0.5 per 3, 2, and I day 
23°C, 8000 lux, 16/8 
(L/D), aerated 
18,000 (0.5/3 day) 
17,000 (0.5/2 day) 
16,000 (0.5/1 day) 
320 (0.5/3 day) 
280 (0.5/2 day) 





23°C. 80001ux, 16/8(L/D), 
aerated and nonaerated 
15,000 
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C. GROWTH AND TOXIN PRODUCTION 
The dynamics of algal growth and PST production in the two culture 
designs of A. tamarense  we used are summarized as follows. 
1. Batch Culture 
In a 20qiter nutrient-replete batch culture of ATCI01, the ceils grew 
exponentially between day I and 6, with a growth rate of 0.56 divisions/ 
day and a peak cell concentration of approximately 15,000 cells/ml. 
A distinct stationary phase was seen after day 6 due to phosphate 
depletion. During the stationary phase, the cell density remained high 
and relatively constant. The average diameter of actively growing cells 
was about 25/zm but reached up to 50/zm when the cells were well 
into the stationary phase. The growth profile is shown in Figure 2. 
The toxin yield, measured in micrograms of C2T per liter of culture 
(/zg/liter), increased rapidly during the early exponential phase and 
continued to increase during the stationary phase. It reached a peak 
of 512/zg/liter on day 10 and then declined to about 320/zg/liter on 
day 15 (Fig. 2). The specific cellular C2T content (pg/cell) was at a low 
level during the exponential phase when the cells were small. It in- 
creased rapidly during the early stationary phase and reached a peak of 
about 36 pg/cell on day 10 when the cells doubled in diameter. It then 
decreased to about 24 pg/cell on day 15. 
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FIG. 2. The growth and C2T production profiles of A. tamarense ATCI01 in a 20-liter 
batch culture. 
The phosphate concentration in the culture medium decreased 
rapidly and was depleted on day 4, constituting a phosphate-limiting 
condition for the culture from day 4 onward. The pH of the culture 
medium, initially at 8.2, rose with cell growth to a peak of 9.1 and then 
declined to 8.4 by day 15. 
The strain ATCI01 and the aforementioned culturing methods were 
successfully used for mass production of C2T for purification and fur- 
ther studies. A portion of the C2T produced was also hydrolyzed under 
acidic conditions to obtain GTX3 (Fig. 3). 
0 H N,,.,,a',.~N H 
~,~ ~ ~r'-'-NH~ 
H N +~'' ~N/ ~ "NH 
2 / . , ~OH 
~ / ' ,  '"IOH 
_ _,,," N .  _ _ 
H OSO~ 
O H N / ~ . . . ~ N  H 
H" 2 NH: 
HN + ~ N /  ] "NH 
= / , , ~ O H  
. , ~ .  "'SZO H 
u ' '~"  ' ~ ' r - , ~ r ,  
. o s o ;  
C2T GTX3 
FIG. 3. Chemical conversion of C2T to GTX3. 
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It should be noted that in the batch cultures of ATCI01, significant 
amounts of C2T were found in the culture medium. Analysis of the sea- 
water showed that over 200 #g/liter of C2T was found in the culture 
medium, which is similar to observations we have made previously 
(Hsieh et al., 2001). This indicated that the toxin had come out of the 
cells. The "extracellular" toxins might have been excreted by the cells, 
leaked through the aged and weakened cell surfaces, or released from 
lysed cells. Whether PST are exotoxins needs further verification. Re- 
gardless of the explanation for the presence of toxins in the medium, for 
our production operations, we did not attempt to recover the toxins in 
the medium due to the lack of an efficient method to collect and recover 
the toxins in the spent aqueous medium. 
2. Combined Semicontinuous Culture and Temporary Culture 
For the combined culture system, a 40-liter batch culture was started 
under the same conditions as described for batch cultures above for the 
first five days until the cell density peaked. Thereafter, a semicontin- 
uous culture (SCC) scheme was initiated and maintained. One 3-day 
dilution cycle, two 2-day dilution cycles, and three 1-day dilution cy- 
cles were used for the SCC. For each cycle, 20 liters of the culture was 
transferred upon mixing to the temporary culture tank and replaced 
with an equal volume of fresh growth medium. Both cultures were 
again aerated with small air bubbles of less than 2 mm in diameter. 
The cell concentration in SCC reached 15,000 cells/ml when  the 3-day 
dilution cycle began at day 5. Throughout the various dilution cycles, 
the peak cell-concentrations at the end of each dilution cycle averaged 
around 17,000 cells/ml. The corresponding peak C2T contents in the 
SSC ranged from 200 to 320/zg/liter for the various cycles (Table IV). In 
the temporary culture, the cell concentration was maintained at around 
15,000 cells/ml in an established stationary phase. From the onset of 
the temporary culture, the toxin content steadily increased as expected 
during the first 4 days to peak at 500 ~g/liters and then declined to 
240 #g/liter by day 6. We harvested the algal cells in the temporary cul- 
ture at day 4 for extraction of C2T. Thus we used this two-stage system 
to capitalize on the high cell biomass in the SCC and the high cellular 
toxin content in the temporary culture to maximize the C2T yield. It 
must be noted that aeration was important to maintain both a higher 
cell number and toxin yield. 
D. CELL HARVESTING AND TOXIN EXTRACTION 
Algal cells were harvested by two methods for toxin extraction: 
filtration and centrifugation. For small volumes both are satisfactory, 
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but for mass production, filtration has the problem of clogging of filters 
while centrifugation alone is only possible if a continuous centrifuge is 
available. In our production operation, cells to be harvested (in the late 
stationary phase in day 12-14) were allowed to settle on the bottom of 
the culture tanks, and then most of the supernatant medium containing 
very few cells was removed. The remaining highly concentrated culture 
was collected and centrifuged at 3000 rpm for 20 min. The resulting cell 
pellet was resuspended in 50 mM acetic acid and stored at -70°C until 
further processed. 
The frozen cells were ruptured by freeze-thawing three times followed 
by sonication on ice for 1 rain and agitation in an ultrasonic bath for 
15 min to release the toxins from the cells. The cell homogenate was cen- 
trifuged to obtain the supernatant containing the toxin. The toxin extract 
was concentrated under vacuum and then stored at 4°C until purified. 
VI. Toxin Purification and Analyses 
The concentrated crude toxin extracts were passed through a 10,000 
molecular weight cut-off filter to remove proteins and other large 
molecules. The filtrate was concentrated and fractionated through a 
series of chromatography columns, including P2 gel, C18, and again 
P2 gel. In this manner, milligram quantities of C2T was purified, after 
which, a portion was converted to GTX3. 
The purified toxins were analyzed by high pressure liquid chromato- 
graphy and post-column reaction system (HPLC-PCRS) with fluores- 
cence detection following the method of Oshima (1995) using a column 
temperature of 30°C and a reaction coil temperature of 45°C as modified 
by Anderson et al. (1996). Their purity and structures were confirmed 
by HPLC, mass, and nuclear magnetic resonance (NMR) spectromet- 
ric analyses (Lin and Hsieh, 2001). C2T, whose analytical standard is 
currently unavailable, was quantified by stoichiometric conversion to 
GTX3 followed by HPLC analysis against a GTX3 standard purchased 
from NRC, Canada. In addition, the C2T quantity was further verified 
by NMR analysis using tert-butanol as an internal standard. 
VII. Conclusion 
Based on our results and those of others, it is feasible to produce 
milligram quantities of PSTs as a supply of the pure toxins for R&D and 
monitoring studies using the algal culture approach. Among factors that 
significantly influence toxin productivity are species of dinoflagellates, 
culture designs, as well as nutritional and environmental conditions. 
Optimization of these factors to maximize the toxin yield is largely 
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e m p i r i c a l  at this  s tage b e c a u s e  the  m e c h a n i s m s  of  ac t ion  o f  these  fac tors  
on  the  algal  g r o w t h  a n d  tox in  b i o s y n t h e s i s  are no t  suf f ic ien t ly  k n o w n .  
N o n e t h e l e s s ,  it is e v i d e n t  tha t  C, N, a n d  P are c ruc ia l  n u t r i t i o n a l  factors ,  
w h i l e  l ight ,  t e m p e r a t u r e ,  a n d  ae ra t i on  are i m p o r t a n t  p h y s i c a l  c o n d i -  
t ions  tha t  m u s t  be  r egu l a t ed  in  o rde r  to ob ta in  h i g h  y i e ld s  o f  PSTs. T h e  
c o m b i n e d  s e m i c o n t i n u o u s  c u l t u r e  a n d  t e m p o r a r y  cu l t u r e  d e s c r i b e d  in  
th is  ar t ic le  offers a cos t -e f fec t ive  s y s t e m  for l abo ra to ry  b i o p r o d u c t i o n  
o f  C2T. Th i s  s y s t e m  is a m e n a b l e  to scale  u p  for  m a s s  p r o d u c t i o n  a n d  
m o d i f i c a t i o n  for  the  p r o d u c t i o n  o f  o the r  PSTs. 
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